Several recent studies have suggested that compounds known as endocrine-disrupting chemicals (EDCs) can promote obesity by serving as ligands for nuclear receptors, including the peroxisome proliferator-activated receptor g (PPARg) and the glucocorticoid receptor (GR). Thiazolidinedione insulin sensitizers, which act as ligands for PPARg, also interact with and regulate the activity of the mitochondrial pyruvate carrier (MPC). We evaluated whether several EDCs might also affect MPC activity. Most of the EDCs evaluated did not acutely affect pyruvate metabolism. However, the putative endocrine disruptors tributyltin (TBT) and tolylfluanid (TF) acutely and markedly suppressed pyruvate metabolism in isolated mitochondria. Using mitochondria isolated from brown adipose tissue in mice with adipocyte-specific deletion of the MPC2 protein, we determined that the effect of TF on pyruvate metabolism required MPC2, whereas TBT did not. We attempted to determine whether the obesogenic effects of TF might involve MPC2 in adipose tissue. However, we were unable to replicate the published effects of TF on weight gain and adipose tissue gene expression in wild-type or fat-specific MPC2 knockout mice. Treatment with TF modestly enhanced adipogenic gene expression in vitro but had no effect on GR activation or phosphorylation in cultured cells. These data suggest that TF may affect mitochondrial pyruvate metabolism via the MPC complex but also call into question whether this compound affects GR activity and is obesogenic in mice. (Endocrinology 159: 609-621, 2018) 
ndocrine-disrupting chemicals (EDCs) are environmental compounds that may affect human health by mimicking or inhibiting endogenous endocrine hormones. EDCs have been linked to impaired cognitive development, sexual hormonal abnormalities, anatomical deformations, and cancer (1) (2) (3) . Recently, studies conducted in vitro and in rodent models have suggested that some EDCs may promote obesity, and these compounds have been termed "obesogens" (4, 5) . The obesogenic effects are believed to be mediated by these compounds serving as ligands for the nuclear receptor transcription factors that regulate adipocyte differentiation and lipid metabolism. Specifically, these compounds are believed to activate the peroxisome proliferatoractivated receptor g (PPARg) or the glucocorticoid receptor (GR) to drive the expression of genes that promote lipid storage in adipocytes and thus cause increased adiposity (6) (7) (8) . However, the concept that EDCs are important contributors to human obesity is controversial and difficult to test (9) .
Nuclear receptors play a critical role in adipogenesis and lipogenesis in adipocytes. Administration of synthetic ligands for GR are well known to stimulate weight gain and adipose tissue expansion through enhanced lipogenesis (10) . PPARg is often referred to as a master regulator of adipocyte differentiation and is required for this process to occur (11, 12) . Although the identity of the endogenous ligands for PPARg is still debated (13) , the insulin-sensitizing thiazolidinedione (TZD) class of antidiabetic drugs are highly potent ligands for this receptor (14) . Interestingly, a number of PPARg-independent and nongenomic effects of TZDs have been noted. It has become apparent that TZDs interact with the mitochondrial pyruvate carrier (MPC) complex in the inner mitochondrial membrane and suppress transport of pyruvate into the mitochondrial matrix (15) (16) (17) . However, the effects of TZDs on the MPC occurred within minutes, suggesting a direct, nongenomic effect on pyruvate transport into mitochondria. This suggested an interesting dual level of regulation because activation of PPARg has been known for some time to transcriptionally induce PDK4 (18, 19) , which inhibits pyruvate oxidation.
The MPC comprises two proteins, MPC1 and MPC2, which are both required for pyruvate transport to occur (20) (21) (22) . Moreover, genetic deletion of either MPC1 or MPC2 destabilizes the MPC complex and leads to degradation of the remaining MPC protein (16, 17, (20) (21) (22) . Recent work has shown that the interaction between the MPC and TZDs is direct and that the acute effects of TZDs on mitochondrial pyruvate metabolism require an intact MPC complex (16) . The structural basis for the interaction between TZDs and the MPC is not clear but is likely explained by some similarity in the binding pocket of PPARg and the MPC.
Given the interaction between synthetic PPARg ligands and the MPC, we sought to determine whether endogenous compounds reported to be natural ligands for PPARg might also interact with the MPC complex. Herein we show that most reported endogenous or environmental PPARg ligands do not directly affect mitochondrial pyruvate metabolism even at supraphysiologic concentrations. However, two identified EDCs, tributyltin (TBT) and tolylfluanid (TF), suppressed mitochondrial pyruvate transport and metabolism in a matter of minutes at low mM concentrations. We determined that the effect of TF on pyruvate metabolism required the expression of MPC2, whereas TBT did not. However, we were unable to replicate the published effects of TF on weight gain and adipose tissue metabolic gene expression in wild-type (WT) or fat-specific MPC2 knockout mice. These data suggest that TF may affect mitochondrial pyruvate metabolism via the MPC complex but also call into question whether this compound universally acts as an obesogen in mice.
Materials and Methods

Materials
We obtained 1-oleoyl-sn-glycero-2,3-cyclic-phosphate (LPA) (Avanti Lipids Polar, Alabaster, AL) dissolved in DMSO, 10-nitrolinoleate (LNO 2 ) (Cayman Chemical, Ann Arbor, MI) dissolved in ethanol, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC) (Avanti Lipids Polar) dissolved in ethanol, and 15-deoxy-D12,14-prostaglandin J 2 (PGJ 2 ) (Cayman Chemical) dissolved in DMSO. Other compounds were purchased from Sigma-Aldrich (St. Louis, MO), including triphenyl phosphate (TPP) dissolved in DMSO, bisphenol A (BPA) dissolved in ethanol, TF dissolved in ethanol, and TBT dissolved in ethanol. For all experiments, compounds were compared with matched vehicle solutions for the appropriate diluent.
Isolation of mitochondria from mouse brown adipose tissue for assessment of pyruvate metabolism
Adult female C57BL6/J mice (8 weeks old) were maintained on a 12-hour dark/light cycle and given ad libitum access to food. Mice were euthanized with CO 2 . The brown adipose tissue (BAT) was excised from the mice, and mitochondria were isolated from BAT by differential centrifugation. Briefly, BAT was washed, minced, and homogenized using a Wheaton Dounce tissue grinder in ice-cold buffer containing 250 mM sucrose, 10 mM Tris, 1 mM EDTA, and 0.5% fatty acid-free bovine serum albumin (BSA) (pH 7.4). The homogenate was centrifuged at 1000 g for 10 minutes at 4°C to pellet unbroken cells and nuclei. Subsequently, the supernatant was centrifuged at 10,000 g for 10 minutes at 4°C to pellet mitochondria. The pellet was then resuspended and washed twice in the same buffer as above without BSA. The final pellet was reconstituted in a minimal amount of assay buffer.
Mitochondrial respiration assays for assessment of pyruvate and succinate use Protein concentration was determined using the BCA method per the manufacturer's instructions (Thermo Fisher Scientific). Mitochondria (50 mg protein) were placed in 2 mL of MIR05 in the Oxygraph-2k chamber (OROBOROS Instruments, Innsbruck, Austria) at 37°C for the measurement of O 2 flux. Mitochondrial respiration was initiated by the addition of substrates (5 mM pyruvate and 2 mM malate) followed by the addition of 1 mM ADP to stimulate state 3 respiration. Subsequently, vehicle (matched to the diluent of each compound) or test compound at the desired concentrations were added to allow the assessment of the effects of compounds on pyruvate metabolism. At the end of measurement, 10 mM succinate was added to allow assessment of the effects of compounds on succinate oxidation. Initial studies added compounds at a final concentration of 25 mM, and for the TF and TBT dose responses, concentrations of 0.1 to 25 mM of these compounds were used.
Generation of fat-specific MPC2-deficient mice
Mpc2 floxed mice have been previously described (16) and were crossed with the adiponectin promoter-driven Creexpressing mouse (23) to create fat-specific (FS)-Mpc2 
TF feeding studies
We conducted a TF feeding study using FS-Mpc2 2/2 mice and littermate controls to replicate the effects of TF on obesity and metabolic parameters observed in the literature (24) and to determine whether MPC2 is involved in these effects. Male FSMpc2 2/2 mice and littermate controls were randomly assigned to receive ad libitum access to chow diet (2016 Teklad Global Diet, Envigo Teklad, Madison, WI) containing 21.0% protein, 68.6% carbohydrate, and 10.4% fat (by % kcal) or the same diet containing TF at 100 ppm as described (24) . TF was added at the time of manufacturing (Envigo Teklad). The animals were maintained on these diets for 16 weeks. At the end of the feeding period, mice were euthanized by CO 2 inhalation. Plasma and metabolic tissues were harvested, flash frozen in liquid nitrogen, and stored at 280°C. All animal procedures were approved by the Institutional Animal Care and Use Committee of Washington University in St. Louis.
Blood glucose measures
For the TF feeding study, after 15.5 weeks of TF exposure, mice were held without food for 6 hours followed by intraperitoneal injection of glucose (1 g/kg body weight). Glucose concentrations were measured in the blood samples from the tail veins using a blood glucose meter (One Touch Ultra 2; Lifescan Europe, Zug, Switzerland). The measurements were taken immediately before injection (time = 0), and at 15, 30, 60, 90, and 120 minutes after injection.
Assessments of plasma insulin, free fatty acids, total ketones, triglyceride, and cholesterol Plasma total ketones and nonesterified fatty acids were measured using enzymatic assays (Wako Diagnostics, Mountain View, CA). Plasma triglyceride and cholesterol were measured using Infinity colorimetric assay kits (Thermo Fisher Scientific, St. Peters, MO). Plasma insulin was measured using an immunoassay (Singulex, Alameda, CA) by the Core Laboratory of the Diabetes Research Center at Washington University.
Western blotting analyses
Tissues, mitochondria, or cells were lysed in ice-cold lysis buffer. Proteins were separated on Criterion gel (Bio-Rad, Hercules, CA) and transferred to nitrocellulose membranes. The blots were blocked in 5% (w/v) BSA in Tris-buffered saline with 0.05% (v/v) Tween-20 for 1 hour and incubated in primary antibody in 5% BSA in Tris-buffered saline with 0.05% (v/v) Tween-20 overnight. Antibodies against MPC1, MPC2 (gifts of Michael Wolfgang, Johns Hopkins University), VDAC (ab15895; Abcam, Cambridge, MA), tubulin (T5168; Sigma, St. Louis, MO), pSer211 GR (4161; Cell Signaling Technology, Beverly, MA), and total GR (3660; Cell Signaling Technology) were used. Secondary antibodies (926-32210 and 926-32211; LI-COR, Lincoln, NE) were incubated for 1 hour, and then blots were visualized using the LI-COR imaging system.
mRNA isolation and real-time quantitative polymerase chain reaction analyses
Total RNA was isolated using RNAzol method (RNA-bee; Tel-test, Alvin, TX). cDNA was synthesized using a reverse transcription kit (Invitrogen, Carlsbad, CA). Quantitative realtime polymerase chain reaction was performed using SYBR Green with validated primers and an ABI PRISM 7500 sequence detection system (Applied Biosystems, Foster City, CA). The relative expression of the selected genes was normalized to the reference gene 36B4.
Mouse embryonic fibroblast cell culture and adipocyte differentiation experiments
Immortalized mouse embryonic fibroblasts (MEFs) expressing PPARg were cultured as previously described (25) . Differentiation was initiated 2 days after confluency was reached. Specifically, for differentiation, cells were incubated in Dulbecco's modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS), 167 nM porcine insulin, 0 to 100 nM dehydrocorticosterone, and 0.5 mM isobutylmethylxanthine. After 3 days, the medium was aspirated, and the cells were cultured for 2 days in DMEM plus 10% FBS and 167 nM insulin. The cells were then maintained in DMEM plus 10% FBS until use.
TF dose-response studies in MDA-kb2 cells MDA-kb2 cells are derived from a human breast cancer cell line expressing the firefly luciferase under control of a mouse mammary tumor virus promoter containing response elements for both GRs and androgen receptors [MDA-kb2 (ATCC CRL-2713)]. Cells were plated in quadruplicate and treated with vehicle (control), 1 to 1000 nM of dexamethasone (DEX), 1 to 1000 nM TF, or 1 to 1000 nM of DEX with 1 mM TF in media containing 10% FBS (charcoal-stripped) for 22 hours followed by measurement of luminescence.
Effect of TF on GR phosphorylation and gene expression in differentiated MEFs
Differentiation in WT MEFs (+PPARg) was initiated 3 days after reaching confluence. Specifically, for differentiation, cells were incubated in DMEM containing 10% FBS, 10 mg/mL bovine insulin, 1 mM DEX, and 0.5 mM isobutylmethylxanthine. After 3 days, the medium was aspirated, and the cells were cultured for 3 days in DMEM plus 10% FBS and 10 mg/mL insulin. The cells were maintained in DMEM plus 10% FBS for 2 days, and then the medium was aspirated and replaced with DMEM plus 10% FBS (charcoal-stripped) for 1 day. For Western blotting, cells were treated for 1 hour with DEX (100 nM), TF (1 mM), or RU486 (1 mM) followed by harvesting protein in ice-cold lysis buffer. For gene expression, cells were treated for 6 hours with DEX (100 nM), TF (1 mM), or both compounds followed by harvesting protein in icecold lysis buffer.
Statistical analysis
All data are presented as mean 6 standard error of the mean and were analyzed by Student t test or analysis of variance where appropriate. A P value ,0.05 was considered significant.
Results
TBT and TF directly reduce mitochondrial pyruvate metabolism
To evaluate whether endogenous or environmental compounds believed to act as ligands for nuclear receptors affect mitochondrial pyruvate metabolism by interacting with the MPC, we isolated mitochondria from BAT, which contains abundant amounts of MPC1 and MPC2 (26) , and assessed mitochondrial oxygen consumption after the addition of these compounds in the presence of pyruvate or succinate as metabolic substrates. We evaluated LPA, LNO 2 , PC, and PGJ 2 (Fig. 1A) , which are purported to be endogenous PPARg ligands (27) (28) (29) (30) . We began by assessing the effects of these compounds at 25 mM, which is far in excess of their abundance in cells. However, the addition of LPA, PC, or PGJ 2 did not affect respiration of BAT mitochondria in the presence of pyruvate or succinate even at these supraphysiologic concentrations (Fig. 1B) . The addition of LNO 2 reduced pyruvate-stimulated respiration modestly but significantly. We also evaluated the effects of BPA, TPP, TBT, or TF, which are EDCs believed to mediate effects via PPARg or potentially the GR (24, (31) (32) (33) . It was determined that BPA did not affect respiration and that TPP only modestly suppressed respiration. TBT and TF markedly suppressed pyruvate metabolism at this very high concentration, but TF also reduced succinatemediated respiration at 25 mM. The effect of these compounds on isolated mitochondria was immediate (within minutes), suggesting that the effects were direct and nongenomic.
We next examined the effects of various doses of TBT and TF on pyruvate-mediated respiration to determine if physiologically relevant exposures would suppress pyruvate-mediated respiration. TBT suppressed respiration in the presence of pyruvate but not succinate and affected respiration at doses as low as 100 nM ( Fig. 2A) . TF suppressed pyruvate metabolism at 500 nM and did not affect succinate-mediated respiration at concentrations of 5 mM or lower (Fig. 2B) . Thus, these compounds suppress pyruvate-mediated respiration in isolated mitochondria at concentrations consistent with their ability to serve as nuclear receptor ligands.
TF requires MPC2 for its effects on pyruvate metabolism
To determine whether the effects of TBT and TF on mitochondrial pyruvate metabolism required MPC2, we generated mice with adipocyte-specific deletion of MPC. Using previously described mice with a "floxed" Mpc2 allele (16, (34) (35) (36) , we crossed them with mice expressing Cre recombinase in adipocytes (Fig. 3A) . The resulting mice lacked expression of Mpc2 in all adipocytes, including BAT (Fig. 3B) . It should also be noted that loss of MPC2 destabilizes the MPC complex and results in a double MPC1/MPC2 knockout. Fat-specific Mpc2 TBT on pyruvate and succinate metabolism were assessed. Predictably, the oxygen consumption by mitochondria from FS-Mpc2 2/2 mice in the presence of pyruvate was significantly reduced compared with WT mitochondria at baseline (Fig. 3C) . Interestingly, TBT still suppressed pyruvate-mediated respiration in both WT and FS-Mpc2 2/2 mitochondria (Fig. 3C) , suggesting that the suppression of pyruvate metabolism likely occurs at another step in the pathway. However, the ability of TF to suppress respiration in the presence of pyruvate was lost in mitochondria lacking MPC2 (Fig. 3D) . Thus, TF affects mitochondrial pyruvate metabolism in an MPC2-dependent manner, whereas TBT has MPC-independent effects. TF has been reported to elicit metabolic effects by affecting GR signaling in adipocytes (7, 25) . Although TZDs, which are PPARg ligands, have been linked to suppressed MPC activity, there was no evidence linking GR ligands to MPC complex activity. We therefore assessed whether DEX also directly regulated mitochondrial pyruvate metabolism in isolated mitochondria. We found that 5 mM DEX did not affect mitochondrial respiration with pyruvate (Fig. 3E) . TF suppressed pyruvate-stimulated respiration by mitochondria from a variety of tissues, including heart, WAT, and liver, although the relative rate of respiration varied dramatically across these tissue mitochondria (Fig. 3F) .
Feeding TF fails to induce obesity or affect glucose tolerance
Feeding TF to male mice increased weight gain and glucose intolerance in a previous study (24) . To determine whether this response involved adipose tissue MPC2, we fed TF to WT and FS-Mpc2 2/2 mice at a concentration of 100 ppm (100 mg/kg diet) in rodent chow, which is the concentration used by Regnier et al. (24) . Unexpectedly, in our study, there was no effect of TF on body weight gain compared with control chow in either WT or FSMpc2 2/2 mice (Fig. 4A) . TF also had no effect on adiposity as measured by epididymal and subcutaneous adipose tissue weight (Fig. 4B) . Glucose tolerance tests conducted after 15.5 weeks on diet failed to detect an effect of TF on glucose tolerance in mice of either genotype (Fig. 4C) . Analysis of plasma collected at time of death found no effect of genotype or TF treatment on the plasma concentrations of insulin, total ketones, triglycerides, free fatty acids, or cholesterol (Table 1) .
We also assessed the expression of various genes of interest in BAT of WT and FS-Mpc2 2/2 mice fed TFcontaining chow or control chow. Interestingly, Mpc2 expression was induced by feeding TF to WT mice (Fig. 5A) . This resulted in a significant increase in BAT MPC2 protein content (Fig. 5B) . Conversely, the expression of Mpc1 was suppressed by TF in WT mice (Fig. 5A) , although MPC1 protein abundance was increased by TF (Fig. 5B ). The expression of several genes encoding enzymes involved in fatty acid oxidation (Cpt1a, Acadl, and Acadm), which have been reported to be reduced by TF feeding (24), was not affected in this study in mice of either genotype (Fig. 5C ). There was also no effect of TF in mice of either genotype on the expression of various genes encoding lipolytic enzymes and adiponectin (Hsl, Lpl, Atgl, and Adipoq), which were reported to be suppressed in white adipose tissue by TF feeding (Fig. 5C ). The effects of TF on the expression of these genes in epididymal adipose tissue were also minimal and not dependent on genotype, except for Acadm, which was reduced by TF (Supplemental Fig. 1 ).
TF does not affect triacylglycerol accumulation in embryonic fibroblasts
We examined the effect of TF on adipogenic markers in MEFs stimulated to differentiate. Many of these genes are known to be GR targets and to be regulated by TF, including Scd1, Adipoq, glucocorticoid-induced leucine zipper (GILZ), Fasn, and Lpin1. As previously reported, ). Acadl, long chain-specific acyl-CoA dehydrogenase; Acadm, medium chain-specific acyl-CoA dehydrogenase; Adipoq, adiponectin; Atgl, adipose triglyceride lipase; Cpt1a, carnitine palmitoyltransferase I; Hsl, hormone-sensitive lipase; Lpl, lipoprotein lipase.
Adipoq expression was suppressed by TF (Fig. 6A) . High concentrations of TF modestly, but significantly, increased Scd1, Fasn, and Lpin1 but failed to induce GILZ even though DEX produced a significant increase (Fig. 6A) . Moreover, treatment with TF did not enhance triglyceride accumulation in these cells, whereas Dex administration elicited a strong effect (Fig. 6B) . Thus, in this system, TF modestly enhanced the effects of adipogenic cocktail on MEF gene expression but did not affect triglyceride accumulation.
TF fails to alter GR activity or phosphorylation in vitro
To evaluate the acute effects of TF on adipocyte GR signaling, MEFs were differentiated and then treated for 6 hours with TF (1 mM), DEX (100 nM), or both compounds and compared with vehicle controls (ethanol). The expression of known GR target genes (Acadm, GILZ, Lpin1, PDK4, and Lcn2) was not affected by treatment with TF (Fig. 7A ). The expression of these genes was induced by DEX treatment, and the effect of DEX was neither enhanced nor impaired by cotreatment with TF (Fig. 7A) .
We also assessed whether TF could activate a GRdriven luciferase reporter system in MDA-kb2 cells (37) . Using this read out, TF failed to activate GR in vitro at any dose, whereas DEX markedly increased reporter activity (Fig. 7B) . Again, cotreatment with TF (1 mM) did not affect the response to DEX on reporter activity. The phosphorylation of GR at serine 211 is also reported to be stimulated by TF treatment (7). However, we failed to detect an increase in GR phosphorylation in response to TF; nor did TF attenuate the ability of DEX to stimulate GR phosphorylation, which was robust (Fig. 7C) . GR phosphorylation in response to DEX could be reduced by treatment with RU-486, a GR partial agonist. Altogether, these data indicate an inability to replicate the published effects of TF on GR signaling.
Discussion
The mitochondrial pyruvate carrier is a gatekeeper at the intersection of cytosolic pyruvate synthesis and the further metabolism of pyruvate in the mitochondrial matrix. Therefore, this can be a critical nodal point for controlling intermediary metabolism. However, the factors that regulate flux through the MPC are incompletely understood, and it remains to be determined whether and how covalent modification and allosteric regulation are important regulatory mechanisms. Although theoretical, control by allostery is plausible given the accumulating data suggesting that MPC activity can be modulated by synthetic compounds that act as ligands for nuclear receptors and affect intermediary metabolism. We explored the possibility that other compounds, including endogenous PPARg ligands, might also serve as regulators of MPC activity. However, we were unable to detect a class effect of these putative ligands on MPC activity even at concentrations of 25 mM, suggesting that the structural diversity of these compounds does not lend itself to MPC binding. Thus, it does not appear that these endogenous lipids are acute allosteric modulators of MPC activity. The evidence implicating various hydrophobic lipids as bona fide ligands for PPARg is controversial because physiological concentrations of these lipids are usually very low, and activation of the receptor often occurs at much higher levels. Also, many of these putative ligands likely exist as components of membranes insoluble in the aqueous phase, and the accessibility for nuclear receptors is unclear.
Like the endogenous PPARg ligands, EDCs are believed to activate PPARg or GR in adipocytes and have been linked to developing obesity. However, the concept that environmental compounds are contributing to the current obesity epidemic is contrversial (38) . As mentioned above, it can be questioned whether these compounds are present in the cell in concentrations sufficient to activate PPARg (39, 40) . Moreover, it remains unclear why these ligands produce obesity yet render the mice insulin resistant when synthetic PPARg ligands produce increased adiposity and insulin sensitivity (14, 41, 42) . Of the PPARg ligands tested, only TBT produced an immediate drop in pyruvate respiration at physiologic concentrations, and the effect was quite robust. Subsequently, it was determined that the effect of TBT did not require intact MPC2, suggesting that this acute effect is, at least in part, mediated at some other step in pyruvate metabolism, such as the oxidation of pyruvate. Additional work is needed to clarify this mechanism.
On the other hand, TF is believed to mediate its obesogenic effects by activating the glucocorticoid receptor (7), which is logical because pharmacologic administration of glucocorticoids increases adiposity and produces insulin resistance (43, 44) . However, in the current study we were unable to replicate the obesogenic effects of TF in male mice (24) . In our hands, the only observable effect of the drug was to stimulate an increase in the expression of MPC2 mRNA and protein in BAT and WAT, which occurred for reasons that are not clear. In eWAT, Acadm expression was decreased, which was observed previously (24) . There are several potential explanations for the lack of effect on body weight, including potential differences in the genetic backgrounds of mice, effects of distinct institutional microbiomes, higher variability in our knockout strain, or other unrecognized factors. Moreover, in our work TF was incorporated into the standard mouse chow for our facility (Teklad 2016), which contains different ratios of fat, protein, and carbohydrates compared with Teklad 2018, which was used in the previous study. The two diets also contain different amounts of phytoestrogens, which are known to affect body weight in mice. The previous study demonstrated a modest effect on body weight (;2 g) and detected a significant difference by using a large number of mice (n = 28) (24) . In our studies with 9 to 13 mice per group, there were no significant differences in body weight, adiposity, other metabolic parameters, or adipose tissue gene expression.
We also did not detect many of the reported in vitro effects of TF on adipogenesis or GR signaling in adipocytes. We did see a modest effect of TF in stimulating Scd1, Fasn, and Lpin1 at higher doses in the adipogenesis experiments, although triacylglycerol accumulation was not affected. Previous work has shown both stimulatory (7) and inhibitory (45) effects on GR reporter activity, whereas we saw no effect. In our study, TF also did not activate GR in luciferase reporter assays or affect GR phosphorylation. We also did not detect a competitive or synergistic effect of TF with DEX in these assays. In our GR-focused studies, we used charcoalstripped FBS, whereas the previous studies seem to have used regular FBS (7, 25) . In addition, previous work on the effects of TF on GR phosphorylation and gene expression in vitro was conducted with isolated fat pads, and it is possible that the presence of other cell types affects the response to TF. Recent work used TF obtained from Fluka (St. Louis, MO) (7, 25) . Fluka was formerly a subsidiary of Sigma Chemical Co. but no longer distributes this compound after being acquired by another entity. We conducted studies with multiple orders of TF from Sigma, but it is unclear whether this is the same source as the previous studies. We also likely used TF from different lots of the drug given the number of years that have passed. Thus, there are several minor differences that could affect the outcome of the studies. However, these discrepancies and the lack of effect in our study remain to be clarified.
In summary, the EDC TF acutely affects pyruvate metabolism in isolated mitochondria via an MPC2-dependent mechanism. These acute effects include an inhibition of mitochondrial pyruvate import, leading to reduced mitochondrial oxidation of this substrate. These data provide evidence of the direct effects of this EDC on mitochondrial metabolism. However, despite several previous papers linking TF to modulation of GR activity, no effect of TF on obesity or GR activity was detected in our study. Thus, the physiological consequences of the observed interaction between TF and the MPC or GR remain unclear. 
